Hind limb skeletal muscle was studied in vivo in a rat trauma model using nuclear magnetic resonance (NMR) spectroscopy. The model used was a 25% body surface area, full-thickness burn administered under anaesthesia. Two groups of six rats were studied. Weight loss was observed in'the experimental group whilst the control group continued to gain weight. Concentration ratios involving intramyocellular phosphocreatine (PCr), creatine (Cr), adenosine triphosphate (ATP), inorganic phosphate (Pi), anserine (Ans) and taurine (Tau) were measured. No change in the ratios' of PCr/Pi, PCr/ATP, Ans/PCr+ Cr and Tau/PCr+Cr were seen between the two groups. Intracellular pH was the same in the two groups.
Introduction
Changes in high energy compounds and protein metabolism have been shown to occur following trauma'. A hypermetabolic state develops with an increased resting energy expenditure2, high energy phosphate compounds have been shown to fall in human and pig trauma studies3'4, and urinary nitrogen excretion is increased concomitantly with enhanced energy requirements5. Protein hydrolysis occurs with an alteration of plasma. and muscle amino acid profiles6. These changes have been measured by a variety of invasive techniques in humans1'7-10, and in animal studies1 -".
In recent years nuclear magnetic resonance (NMR) spectroscopy has emerged as a noninvasive method of studying energy metabolism in animals and humans. The invasive studies referred to above suggest that NMR could have an important role in studying the biochemical events associated with trauma and the response to therapy. With this aim, the technique has been used in the present study to investigate muscle metabolites in a rat trauma model. Signals from intracellular phosphocreatine (PCr), adenosine triphosphate (ATP) and inorganic phosphate (Pi) can be obtained and their ratios calculated using phosphorus spectroscopy (31P NMR)'2"13. Information from the spectra also enables the calculation ofintracellular pH2 . Proton spectroscopy (1H NMR) can be used to follow the sum of creatine (Cr) and PCr as well as taurine and anserine15, as these are the metabolites that give the strongest signals in muscle spectra. As NMR spectroscopy is noninvasive, sequential changes can be followed in the same animal.
A standard trauma model has been developed to study the metabolic effects of a 25% body surface area burn. A full-thickness burn was administered to ensure complete destruction of nerve endings and thereby minimize pain. This model"has been used extensively in calorimetry studies to study the metabolic response to trauma16. The present study was designed to monitor intracellular metabolites and pH in this model in vivo usingNMR spectroscopy.
Methods
Male Wistar rats weighing 200-300 g received a 25% body surface area, full-thickness burn over the dorsum and flanks administered by the Bunyan Apparatus'6. The animals were anaesthetized prior to this with intraperitoneal pentobarbitone (3.5 mg/ 100 g; May and Baker, Dagenham, England). After this the animals were wrapped in cottonwool to minimize heat loss, closely observed and encouraged to drink. Controranimals received the same anaesthetic 24 hours later. The average daily intake was 18.5 g/ day of a standard diet, comprising 19% protein.
Drinking water was ad libitum. The control animals were pair fed with the experimental animals with a 24-hour delay. Two groups of 6 animals were used. NMR studies were performed using a Bruker AM-360 spectrometer with a vertical 8.5 T magnet with a usable bore of 7.3 cm. The rats were placed'vertically in a homemade probe with their intact left hind limbs extended through the saddle-shaped radiofrequency coil, 18mnm diameter and 17mm high'5. Field homogeneity was adjusted using the 1H signal of tissue water. 31P spectra were obtained at 145.7 MHz using pulses offlip angle 600 repeated every 1.7 seconds. The sum of 64 scans was accumulated to produce each spectrum. 'I spectra were obtained at 360 MHz accumulating 16 scans with a recycle delay of 1.7 -seconds using a Carr-Purcall-Meiboom-Gill (CPMG) pulse sequence [90-(r-180-r)3-acquisitionJ, pulse trains of between 135 and 675 ms being used, giving values of n between 100 and 500 respectively. 31P and 'H; spectra were also obtained with a pulse repetition time of 10 seconds to enable saturation factors to be calculated for eaeh spectrum. Results are corrected for saturation and the 'H NMRdata are extrapolated back to zero echo time to corret for. different T2 effects. 'H results are also corrected for 0141-0768/87/ the different nunbers of protons contributing to the 080495-04/$02.00/0 signal from each-compound (one for anserine, two for The Royal taurine and three for PCr plus Cr). The areas of the Society of 31P signals were measured by cutting and weighing. Medicine For the 'H spectra, measurement of the signal areas proved difficult because of the spectral resolution obtained. Therefore peak heights rather than areas were measured and because of this the ratios give only an approximate measure of relative concentrations of the different metabolites. However, changes of individual metabolite levels can still be accurately determined.
Absolute quantification of the compounds measured by NMR spectroscopy is difficult for many reasons" '. The most important is the variable volume of tissue contained within the coil. Concentrations are, however, proportional to the areas of the signals, provided that the factors mentioned above are allowed for. Thus ratios of the different metabolites can be calculated' 3. Intracellular pH was obtained by measuring the chemical shift (a) of Pi relative to PCr using the calibration curve12: pH~~(a-3.27) pH = 6.75 + log (5.69-a)
The experimental and control rats were examined daily for five days post-trauma. Two experimental and two control animals were studied each day, except for days one and two when two controls and single experimental animals only were studied. Spontaneously breathing animals were anaesthetized using halothane (May and Baker, Dagenham, England) vapourized in oxygen, delivered through a nose-cone. Anaesthesia was monitored using respiratory and pulse rates and also core temperature. Chest leads connected to an electrocardiogram machine were used to measure pulse rate; respiratory rate was obtained by monitoring the rhythmic fluctuations of the baseline. Core temperature was measured using an intragastric copper-constantan thermocouple. The temperature was maintained at 36-37°C, a stream of air at 40°C being blown up the probe intermittently. All monitoring leads were attached to radiofrequency filters mounted on the base of the probe to prevent the introduction of stray radiofrequency noise.
Blood specimens were taken from one experimental and one control animal on each day ofthe experiment by cardiac puncture. Serum phosphate levels were assayed using routine hospital biochemical methods. Numerical data are expressed as mean + standard deviation with the number of observations in parentheses.
Results
All animals survived the immediate post-burn period (12 hours), moving and drinking freely. During the first 24 hours the animals ate little (< 10% ofnormal); however, within the subsequent 48 hours the survivors ate amounts similar to those eaten prior to trauma. Three of the experimental animals died whilst anaesthetized, but prior to spectroscopy.
A typical 3'P spectrum from a control rat is shown in Figure 1 . This shows an intracellular pH of 7.01 and is sirailar to experimental spectra. Ratios of PCr/ Pi and PCr/ATP are given in Table 1 and were similar to those obtained previously' 7. No significant differences in intracellular pH or the ratios were observed between the groups over the five-day period.
Despite the small number of animals studied, we are confident that our results do not indicate any changes in phosphorous metabolites. Consider, for -20. 0 ppm Figure 1 . -P NMR spectrum obtained from hind limb skeletal muscle of a control rat. This spectrum is the sum of 64 scans, and the signal-to-noise ratio has been enhanced by line broadening of 15 Hz. Thephosphocreatine peak is used as the internal chemical shift standard; shifts to the left of this (higher frequency) are assigned positive. Peaks are assigned as follows: PCr =phosphocreatine, Pi = inorganicphosphate, ATP= adenosine triphosphate. The intracellularpH(7.01) is derived from the chemical shift ofPi relative to PCr example, the PCr/ATP ratios. Four of the control animals were studied by NMR, so a statistically valid mean and standard deviation can be calculated of 3.86 + 0.25 (n = 4). All but two of the experimental values fall within one standard deviation of this mean, with one value higher and one lower. Given the reproducibility of the control group, a change in the ratio of about 10% would be the smallest that might be significant. Our data indicate any change is smaller than this. Although the scatter in the PCr/Pi ratio may appear to be high, the variation represents only a small absolute change in Pi.
A proton spectrum from a control rat is shown in Figure 2 . The peaks can be assigned on the basis of extract studies as described previously55. The assignments ofthe peaks are given in the legend to Figure 2 . The intensities of anserine and taurine peaks are expressed as a ratio to the PCr + Cr peaks and are using invasive procedures, are unaffected when a the phosphocreatine measured by NMR in vivo'"7.
As shown by Cuthbertson' in the 1930s, the response to trauma is a generalized one, and subsequent investigators have reported changes in high ;he results relative energy compounds in muscle biopsies from uninjured O is known not to tissues" 3'47. Thus the radiofrequency coil was change, it can be assumed that the total ofPCr + Cr is also unchanged, provided that the muscle phosphate content is the same for both experimental and control animals. We can therefore conclude that there were no significant changes in anserine and taurine.
Serum phosphate was 3.81 + 0.23 mmol/l (n =6) in the model and 3.94 + 0.57 (n =6) in the controls. placed over uninjured tissue as we wished to study generalized changes rather than local phenomena. We have found no change in the PCr/ATP and PCr/Pi ratios between experimental and control groups. Our work can be compared with that ofLoven et al. who have performed conventional needle biopsy assays on humans with severe burns or fractures3 and in a pig trauma model4. In their human study, Pi and PCr decreased by day 2 and ATP by day 8. In their pig model PCr and ATP fell over 72 hours but the Pi remained unchanged. From Loven's studies, PCr/ATP and PCr/Pi ratios can be obtained. In human and pig controls the PCr/ATP ratio was 3/1 and PCr/Pi ratios was 1.7/1. No change in these ratios was found in the human study, but in the pig model the PCr/ATP ratio fell to 2.2 at 72 hours. The PCr/ ATP ratio was slightly less than that obtained by spectroscopy. The PCr/Pi ratio was very much lower than our ratio of 12/1. Loven Using 'H NMR, we followed the concentrations of anserine and taurine relative to PCr+Cr in the experimental animals. Anserine (beta alanyl-Lmethyl-L-histidine) is a peptide which is found in skeletal muscle. Its function is unknown, although it does act as a buffer. Taurine is an animo acid found in high concentration in many tissues. It is a known osmoregulatory substance in marine invertebrates and it has been suggested that it may play a similar role in mammalian myocardium, brain and other tissues2'. If this were the case in skeletal muscle, changes might be expected following the great evaporative water loss which occurs following burns.
We found no change in the levels of taurine and anserine in the experimental rats. Taurine levels have been measured in plasma and muscle in other trauma studies with variable results. Askanazi et al.22 found no change in muscle levels following injury but a fall in plasma levels, while Karner et al. 19 demonstrated an increase in plasma but unchanged muscle levels in rats with a 25% body surface area burn. In both these studies there was a fall in nonessential amino acids. Snelling et al. 23 found no change in arterial or arteriovenous taurine levels in burnt patients.
With the development of NMR spectrometers that are large enough to accommodate humans, there is considerable interest in the possible clinical application of NMR studies to human metabolism. We embarked on the present study to evaluate the possible application of NMR spectroscopy to studies of human trauma. Although we observed no change in a static trauma model, this may be because resting energy requirements can be satisfied. NMR studies of the metabolic changes associated with exercise have proved to be very useful in studying biochemical processes taking place in normal and diseased skeletal muscle24. Therefore, it is possible that exercise studies, when energy requirements are increased, might yield further information about trauma. Ifthis were so, then NMR spectroscopy could be used to test various therapies.
